Helicobacter pylori infection of the gastric mucosa can result in a number of diseases, including chronic gastritis, duodenal ulcers, gastric cancers, mucosa-associated lymphoid tissue (MALT) lymphomas, and adenocarcinomas [11] . Many factors, such as bacterial, host, and environment, that affect host-pathogen interactions and disease development, have been identified [14] . Epidemiological studies have established that infection with strains harboring the cag pathogenicity island (cag PAI) is associated with a higher risk for development of severe disease [1, 11] . The cag PAI encodes a type IV secretion system (T4SS) that is involved in conjugative DNA transfer and the delivery of bacterial virulence factors into eukaryotic host cells [2, 13] .
Expression of the cag PAI genes results in the formation of a needle-like structure that enables the bacterium to translocate the effector protein CagA into host cells; subsequently, CagA causes dramatic cell elongation known as scattering or the "hummingbird" phenotype in infected epithelial cells [15, 21, 22] . CagA is crucial for the development of morphological changes and the disruption of cell-cell contacts in the intestinal epithelial, effects that may play a role in the development of ulcers and cancer during chronic H. pylori stomach infection. In addition, the cag PAI has also been implicated in the induction of proinflammatory cytokine production from human epithelial cells; in particular, cag PAI has been shown to induce interleukin-8 (IL-8) production [8] , which is a marker for host interaction and a hallmark of disease. IL-8 induces neutrophil infiltration, which may lead to the development of peptic ulcer disease or gastric adenocarcinoma via persistent inflammation [25] .
The molecular mechanisms of CagA translocation are poorly understood. According to systematic mutagenesis studies of individual genes encoded within the cag PAI, at least 18 of 27 genes are essential for CagA translocation into host cells. However, only 14 gene products are thought to encode components of the secretion apparatus; in addition to their involvement in CagA translocation, these products were also necessary for the induction of IL-8 secretion from epithelial cells [4, 6, 8, 19] .
CagT (HP0532), an Agrobacterium tumefaciens VirB7 homolog, occurs in a majority of H. pylori clinical isolates [1, 11] ; it is critically involved in both CagA delivery and IL-8 secretion. CagT is at the base of the cag PAI rigid needle structure and is covered by CagY, a protein homologous to VirB10. Together, CagT and CagY construct the framework of the cag PAI T4SS [21, 22] . Although the cag PAI is known to play an important role in pathogenesis, little information exists regarding the exact role of CagT in the transport of CagA into gastric epithelial cells.
Here, we characterized the biological function of CagT in the cag PAI T4SS, including its roles in CagA translocation and IL-8 secretion. We also identified its subcellular localization and its interaction with CagA at the plasma membrane.
MATERIALS AND METHODS
Bacterial Strains, Cell Lines, and Growth Conditions The H. pylori strains used are listed in Table 1 . The H. pylori 26695 and 11637 wild-type strains were cultured on Skirrow's solid medium plates containing 10% glucose, 10% rabbit blood, and the following antibiotics: trimethoprim (5 µg/ml), vancomycin (10 µg/ml), amphotericin B (2 µg/ml), and polymyxin B (2.5 IU/ml). The H. pylori strains were incubated on plates for 24 to 48 h at 37 o C under microaerobic conditions (85% N 2 , 10% CO 2 , and 5% O 2 ). Mutant strains were propagated on Skirrow's medium plates as described above with the addition of chloramphenicol (25 µg/ml). Liquid cultures were grown in Skirrow's medium broth supplemented with 5% glucose and 10% fetal bovine serum (FBS) in anaerobic jars containing 85% N 2 , 10% CO 2 , and 5% O 2 . Cultures were grown at 37 o C overnight with rotation at 160 rpm.
The Escherichia coli strains DH5α, M15, and BL21 were used for DNA cloning and protein expression; these strains were propagated in Luria-Bertani (LB) broth or on LB plates supplemented with kanamycin (30 µg/ml) and/or ampicillin (100 µg/ml) as required. For cloning, the pBluescript SK(-) (pBS) vector was used.
AGS gastric epithelial cells (ATCC CRL-1739, a human gastric adenocarcinoma epithelial cell line) were cultured in Ham's F-12 medium supplemented with 10% FBS and grown in humid conditions with 5% CO 2 .
DNA Manipulations and Plasmid Constructions
All primers used for PCR amplification are shown in Table 2 . For the construction of the His-cagT fusion plasmid, cagT without the signal peptide sequence was amplified by PCR from H. pylori strain 26695 chromosomal DNA using the primers HP0532-P1 and HP0532-P2. The subsequent product was cloned into the NdeI and XhoI sites of the pET-28a (+) plasmid, resulting in plasmid pET28a-cagT. Plasmid pQE30-cagM was constructed by cloning a DNA fragment of cagM obtained by PCR with primers HP0537-P1 and HP0537-P2 into the BamHI and HindIII sites of plasmid pQE30. Plasmid pET-30a-cagA, which encoded a 6×His fusion to the Cterminal 185 amino acids of CagA, was constructed by PCR amplification of the 3' cagA regions using the primers HP0547-P1 and HP0547-P2; following amplification, the product was then cloned into the NdeI and XhoI sites of pET-30a(+).
Production of Purified Proteins and Antibodies
For the production and purification of fusion proteins, the recombinant plasmids were introduced into E. coli strains BL21 or M15 to enable overexpression of the fusion proteins. The 6×His-tagged fusion proteins were purified using a Ni-nitrilotriacetic acid (Ni-NTA) agarose column. Rabbit polyclonal antibodies against each purified protein, including CagT, CagM, and CagA, were generated by immunizing the Japanese large-ear rabbit with equal volumes of the antigen (1 mg) and Freund's complete or incomplete adjuvant on days 0, 21, and immunizing with 1 mg of pure antigen on days 28 and 35 independently. The antigen and Freund's adjuvant were mixed by vortexing until an emulsion was formed and injected subcutaneously into rabbits. The antisera were collected by hemospasia from the heart, and the antibodies titer was evaluated by ELISA assay. Antibodies were purified from the plasma using affinity chromatography.
Construction of H. pylori Isogenic Mutants
H. pylori 26695 genomic DNA was used as the DNA template. For construction of nonpolar cagT, cagM, and cagA mutants, the Cam + (the chloramphenicol resistance gene) cassette specifically designed for the construction of nonpolar mutants was used [10] . Briefly, the Cam + gene was introduced into pBS using SmaI and XbaI restriction sites to produce the pBSC vector. To construct a nonpolar mutation in cagT, PCR was performed using the primers HP0532O-P1 and HP0532O-P2, which contained a SacII site and an XbaI site, respectively, to amplify the upstream flanking cagT gene. Then, the upstream fragment was cloned into pBSC, resulting in plasmid p532NC. The downstream DNA fragment was amplified using primers HP0532O-P3 and HP0532O-P4, which contained a SalI site and an ApaI site, respectively; the downstream fragment was then cloned into p532NC using the SalI and ApaI sites, yielding cagT mutant plasmid p532NCC. Similarly, a nonpolar cagM mutant, p537NCC, was constructed using the following primers: HP0537O-P1 containing a SacII site, HP0537O-P2 containing an XbaI site, HP0537O-P3 containing a SalI site, and HP0537O-P4 containing an ApaI site. To construct a nonpolar cagA mutant p547NCC, the following primers were used: HP0547O-P1 containing a SacII site, HP0547O-P2 containing an XbaI site, HP0547O-P3 containing a SalI site, and HP0547O-P4 containing an ApaI site.
Bacterial Mutant Transformation and Confirmation
The constructed mutational plasmids were introduced into H. pylori strain 26695 through electroporation. The transformants were grown on Skirrow's blood agar plates supplemented with 25 µg/ml chloramphenicol. Chloramphenicol-resistant colonies were selected and evaluated by PCR and Western blot to confirm the replacement of the wild-type with the mutant strains. The mutants were designated 26695∆cagT, 26695∆cagM, and 26695∆cagA, respectively.
Infection Assay AGS cells grown in 6-well tissue culture dishes to approximately 70% confluency in the absence of antibiotics were infected with H. pylori at a multiplicity of infection of 200. To synchronize the infection, bacteria were centrifuged onto the cells for 5 min at 600 ×g. When >60% of the cells had elongated, the "hummingbird phenotype" was considered to have been induced. After incubation in an atmosphere with 5% CO 2 for 6 h, the cells were washed twice with ice-cold PBS containing 1 mM Na 3 VO 4 to remove non-adherent H. pylori. Whole cell lysates with attached bacteria were prepared by pelleting the cells at 600 ×g at 4 o C for 10 min.
Determination of IL-8 Secretion IL-8 production by AGS cells following infection with the various H. pylori strains was determined using a sandwich ELISA; cell supernatants were assayed after 8 h of infection [8] .
Membrane Fractionation of H. pylori Bacterial fractionation was performed according to the methods of Ding et al. [7] and Gauthier et al. [9] . After H. pylori strains had been grown overnight in Skirrow's liquid medium, the culture was harvested, washed in PBS (pH 7.4), resuspended in 1 ml of sonication buffer (1 mM phenylmethylsulfonyl fluoride, 75 IU/ml of aprotinin, 20 µM leupeptin, and 1.6 µM pepstatin in 10 mM Tris-HCl [pH 7.0]), and sonicated 3 times for 15 s (Fisher Sonicator, amplitude Table 2 . Primers used for fragments amplification and plasmids cloning in this study.
GGGCCCATATAAGAGAGCGTTTAGAAAC ApaI 1346 Ding et al.
2.5)
. Unbroken bacteria were removed by centrifugation (16,000 ×g for 5 min) at 4 o C. The membrane pellet was resuspended in 0.1 ml of sonication buffer with 1% Triton X-100, which selectively solubilizes periplasmic proteins, and then centrifuged at 4 o C for 1 h. N-Laurylsarcosine was used at 0.5% (w/v) for solubility of the inner membrane proteins, with rotation at 4 o C for 1 h. The outer membrane pellet was resuspended in 0.1 ml of sonication buffer with 0.5% N-lauroylsarcosine and 0.1% sodium dodecyl sulfate (SDS). The cytosolic fraction was recovered in 1 ml, and the periplasmic fraction, the inner membrane, and the outer membrane were in 200 µl of each appropriate buffer. The same percentages of each sample were analyzed by Western blotting analysis.
Immunoprecipitation and Co-Immunoprecipitation Extracellular CagT protein was detected using an immunoprecipitation protocol described previously [4] . A total of 5×10 9 H. pylori cells grown for 24 h on Skirrow's medium broth were washed twice with PBS and centrifuged at 8,000 ×g for 10 min at 4°C to pellet the organisms. The remaining supernatant was filtered through a 0.22 µm filter to ensure that all bacteria had been removed. The supernatants were preabsorbed with 30 µl of protein G Dynabeads for 30 min. The extracellular supernatant fractions were placed in new tubes, and 4 µl of the appropriate antibody was added to each sample. Samples were incubated for 2 h at 4 o C with gentle rotation. Following this, the samples were added to 50 µl of equilibrated protein G Dynabeads and allowed to immunoprecipitate for 2 h at 4°C with gentle rotation. Beads were washed in IP buffer 3 times for 5 min and boiled in 2× SDS-PAGE sample buffer for 10 min. As a positive control, the UreB protein was also analyzed using the same protocol.
Co-immunoprecipitation was performed according to a procedure described previously [19] . A total of 5×10 10 H. pylori cells grown for 24 h on Skirrow's medium plates were washed twice with PBS, resuspended in radioimmunoprecipitation (RIPA) buffer, and lysed by sonication. Unbroken cells were removed by centrifugation for 10 min at 10,000 ×g. The lysate was passed through a 0.22 µm filter. One milliliter of whole cell lysate was incubated with 30 µl of protein G Dynabeads for 30 min at 4 o C for preclearing. Beads were pelleted by centrifugation at 10,000 ×g for 3 min at 4 o C. The supernatant (precleared lysate) was incubated with 10 µl of the appropriate antiserum for 3 h at 4 o C, after which 50 µl of prewashed protein G agarose was added and the samples were incubated at 4 o C for an additional 2 h. Beads were pelleted and washed 3 times with PBS buffer. After the final wash, they were resuspended in 30 µl of 2× sodium dodecyl sulfate-polyacrylamide gel electrophoresis buffer, and 10 µl of boiled supernatant was loaded onto SDS-PAGE gels. Proteins were detected by Western blotting with appropriate antibodies after transfer to polyvinylidene difluoride (PVDF).
Immunoblotting
Samples were run on SDS-PAGE gels, transferred to Immobilon-P PVDF membranes (Millipore), and then treated with blocking buffer. All primary and secondary antibodies were diluted in 5% (w/v) skim milk. Proteins were detected with the respective polyclonal rabbit antibody or monoclonal mouse antibody at a dilution of 1:1,000. Tyrosine-phosphorylated proteins were detected with α-PY99 diluted 1:2,000 (Santa Cruz Biotechnology). Horseradish peroxidaseconjugated anti-rabbit or anti-mouse IgG were used at a dilution of 1:10,000 to visualize the labeled proteins.
RESULTS

CagT is Essential for CagA Translocation
First, we tested whether CagT was a crucial component of the cag PAI T4SS machinery, as previously reported [8] . Host cell levels of translocation and tyrosine phosphorylation of CagA were assessed in AGS cells infected with wildtype H. pylori or the ∆cagA, ∆cagT, and ∆cagM mutants. AGS cells are a human gastric adenocarcinoma epithelial cell line and derived from fragments of a tumor resected from a patient who had received no prior therapy. This cell can be induced for scattering ("hummingbird") phenotype when CagA is translocated and tyrosine phosphorylated by H. pylori harboring intact cag PAI. The cag PAI system functionality was assessed through incubation of the strain with AGS cells and determination of host cell-catalyzed CagA translocation and phosphorylation. The cagT and cagM mutant strains were unable to translocate CagA into AGS cells (Fig. 1A) and induce the dramatic cell elongation known as the "hummingbird" phenotype (data not shown).
CagT is Involved in IL-8 Secretion
As CagT was partially exposed on the surface of H. pylori, it was hypothesized that CagT interacted with the extracellular environment as a component of the cag PAI T4SS. To investigate whether CagT was involved in T4SS assembly, we assayed IL-8 production during infection of AGS cells with wide-type and mutant strains via ELISA. As secretion component mutants lose the ability to induce IL-8 [17] , IL-8 secretion has been established as a readout for T4SS assembly. PBS was utilized as a negative control. Optimal IL-8 induction levels were determined using the wild-type strains 26695 and 11637. IL-8 induction was significantly reduced following ∆cagT and ∆cagM infection (Fig. 1B) , as was seen for the PBS control (Fig. 1B) . That was consistent with the significant effect of CagT and CagM on cag PAI T4SS assembly that had been suggested by Fischer et al. [8] .
CagT Subcellular Localization Analysis of the CagT amino acid sequence using SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) revealed that CagT contains a signal peptide; additionally, both neural networks and hidden Markov model algorithms predicted a cleavage site between amino acids 25 and 26. According to transmembrane prediction software analysis, CagT has a strong predicted transmembrane domain proximal to the N-terminus of the protein between amino acids 8 and 20 (http://www.sbc.su.se/~miklos/DAS/). Online subcellular localization prediction software programs, including CELLO and SOSUI-GramN, indicated that CagT could be localized in the plasma membrane. Taken together, these predictions suggested that CagT is more likely to be localized to the membrane rather than the cytoplasm. To confirm the exact localization of CagT in H. pylori, cell fractionation was performed to determine its subcellular localization.
We determined the cellular localization of CagT using the bacterial fractionation protocol of Gauthier et al. [9] . This well-established protocol for enteropathogenic E. coli yielded better fractionation compared with other protocols developed for H. pylori [20, 24] . The inner membrane fraction was extracted with 0.5% N-laurylsarcosine. This procedure resulted in a partial release of CagT, and the result was confirmed by the control of inner membrane protein CagA [6] , where antibody was strongly reactive with only the inner membrane fractions (Fig. 2A) . However, the CagT antibody also bound to the outer membrane of H. pylori strain 26695. This result was consistent with previous immunofluorescence microscopy studies performed without surface H. pylori permeabilization [21, 22] ; furthermore, the staining coincided with staining for the outer membrane porin HopE, which served as the outer membrane control marker [4] . UreB staining was detected in all parts of the cell, proving that its antibody was reactive against the cytoplasmic, periplasmic, inner membrane, and outer membrane fractions (Fig. 2A) . These results suggest that the bacterial fractionation was efficient to some extent. The predictive results combined with experimental result confirmed that CagT was localized to both the inner and outer membranes.
Additionally, we examined whether CagT was present in the bacterial culture supernatants, with UreB serving as a positive control. Although UreB was immunoprecipitated in significant amounts from wild-type H. pylori 26695 culture supernatants, CagT was not detected (Fig. 2B) . To confirm this result, we also examined H. pylori wild-type strain 11637 culture supernatants, and similar results were obtained.
CagT Interacts with CagA at the Cytoplasmic Membrane As both CagA and CagT were shown to localize to the inner membrane, it was of interest to investigate the possibility of an interaction between CagT and CagA. Therefore, we immunoprecipitated CagA from whole cell lysates of wild-type H. pylori strain 26695 and its isogenic cagA deletion mutant. Samples of the immunoprecipitation were run on an SDS-PAGE gel, transferred to PVDF membranes, and then analyzed by immunoblotting (Fig. 3) . The only prominent protein to co-precipitate with CagA in the wild-type strain that was absent in the cagA mutant had an apparent MW of ~32 kDa (Fig. 3) . Immunoblotting identified this protein as CagT. To confirm this result, we also immunoprecipitated CagT and detected CagM as a positive control [3, 12] .
We also examined where the interaction took place between CagA and CagT. After fractionating H. pylori cell lysates by sonication and ultracentrifugation into membrane and cytoplasmic soluble fractions, we performed immunoprecipitations from both fractions independently. CagT co-precipitated with CagA only from the membrane fraction (Fig. 3) . This suggested that CagA and CagT form a stable complex associated with the bacterial cytoplasmic membrane, further confirming the subcellular localization of CagA and CagT.
DISCUSSION
The cag PAI is responsible for the secretion of the CagA effector protein through a T4SS apparatus. Despite the fact that many of the cag PAI proteins have been demonstrated to be involved in CagA translocation and/or IL-8 induction, very little is known about their specific function [5, 23] . CagT is one of the 27 proteins of the cag secretion apparatus that forms a needle-like pilus structure [8, 22] . Field-emission scanning electron microscopy analysis revealed that CagT appeared in ring-like structures, acting as the base for cag PAI to allow the transit of CagY and/or the filamentous structure. H. pylori expression of CagT is also closely associated with severe gastric disease. Deletion frequencies of cagT genes were higher in benign cases compared with isolates from severe ulcers and gastric cancers [11] . Therefore, CagT is a very important protein in H. pylori, not only for the integrity of the cag PAI apparatus but also for determining disease severity.
Previous studies demonstrated that CagT was partially located on the cell surface and was a key structural component of the cag PAI T4SS apparatus [21, 22] . In addition to its outer membrane localization, the question arises as to whether CagT can localize to the inner membrane or even be released extracellularly. CagT may be a structural protein that supports the framework of the cag PAI T4SS apparatus and mediates IL-8 secretion when localized to the outer membrane. It may also interact with CagA and facilitate its translocation into host cells, acting as a chaperone-like protein localized to the inner membrane. However, CagT may be secreted extracellularly and bind to an unknown host cell receptor, thereby inducing some yet-unknown biological function. In elucidating the localization of CagT utilizing bacterial fractionation protocols developed by others [4, 6, 9] , we found that CagT was partially associated with the inner membrane in addition to being located at the cell surface. CagT was not secreted into the culture supernatants.
CagA is the only known cag PAI effector protein in the bacterial inner membrane fraction. However, the specific mechanism by which H. pylori translocates CagA into host gastric epithelial cells remains largely unknown. As CagA translocation or phosphorylation could not be detected following infection with the isogenic cagT mutant, CagT was determined to be an essential component of the T4SS. This result was consistent with previous findings that reported that CagT mutation blocked CagA translocation [8] . Taken together, these findings suggest that outer membranebound CagT is a crucial component of the cag PAI T4SS required for CagA translocation into host epithelial cells.
Some T4SS proteins in the inner membrane, such as CagF, interact with CagA and promote CagA translocation [6, 19] . Although CagT is located at the base of the T4SS in H. pylori, it might also interact with CagA and assist its translocation into gastric epithelial cells. Therefore, we were especially interested in the interaction between CagA and CagT and in defining the role of CagT in the secretion and translocation of CagA. When anti-CagA antibodies were used in immunoprecipitations from wild-type strain whole cell lysates, the 32 kDa CagT protein was detected by its corresponding antibody. Thus, we concluded that CagT interacted with CagA.
Both cagT and cagM mutants induced reduced levels of IL-8 production. However, the cagA-deficient strain still induced the production of a significant level of IL-8. These observations suggest that CagT/M-mediated factors, but not CagA, stimulate IL-8 production. We hypothesize that the binding of the intact surface-located T4SS apparatus to a cellular receptor activates one of two pathways known to be involved in IL-8 induction. These pathways involve Rho-GTPases, PAK, MKK4 and JNK or PAK, NIK and IkB kinases and result in the activation of the transcription factors AP-1 and NFkB that induce chemokine gene transcription [16] .
In summary, CagT is an essential structural component of the cag PAI T4SS apparatus; it plays important roles in the translocation of the only known effector protein, CagA, and in the induction of the proinflammatory cytokine IL-8. Moreover, CagT can interact with CagA and facilitate its translocation into host cells as a chaperone-like protein; Wild-type strain 26695 whole cell lysates were separated by ultracentrifugation into a total membrane fraction (TM) and a soluble fraction containing cytoplasmic proteins (C). CagA was immunoprecipitated from whole cell lysate (Lane 1), total membrane fraction (Lane 2), and cytoplasmic proteins (Lane 3) of 26696 wild-type strain or 26695 isogenic cagA mutant (∆cagA) (Lane 4). The immunoprecipitates were assayed for CagT content by immunoblotting. CagT (Lane 5) or CagM (Lane 6) was immunoprecipitated, and the precipitates were exposed to polyclonal anti-CagT antibodies; 26695 wild-type strain lysates (Lane 7) served as a positive control.
however, its molecular weight is larger than most known type III secretion system chaperones [18] . Our results, which suggest that CagT is localized to the inner membrane, are in agreement with a proposed modified chaperone-like function.
